This work presents an experimental study to determine the capacity of a phase change material (PCM) in granular form to be used in fixed and bubbling fluidized beds for thermal energy storage. The experimental measurements are focused on determination of the heat transfer coefficient between a heated surface immersed in the bed and the granular PCM. The flow rate is varied to quantify its influence on the heat transfer coefficient. The PCM used is Rubitherm GR50 with a phase change temperature of approximately 50
Introduction
The development of renewable energy technologies, such as solar thermal energy technology, has accompanied the evolution of new and more efficient energy storage systems in order to equilibrate the energy supply with its demands. The integration of phase change materials (PCMs) in these systems improves the energy storage capacity for the same volume and makes it possible for the system to be maintained in a narrow temperature range [1] . There are different ways of incorporating PCMs in storage tanks. For example, in domestic hot water tanks, a macroencapsulated PCM is typically located at the top of the tank to improve the stratification in the tank and increase the energy density of the hottest region of the deposit [2] . When the heat transfer fluid is air instead of water, packed beds of micro-and macroencapsulated PCMs have traditionally been utilized. More recently, Izquierdo-Barrientos et al. [3] studied the performance of a fluidized bed with a granular PCM (with a particle size of 0.54 mm) as an energy storage device. They observed a higher efficiency during the storage process compared with traditional packed beds.
In gas-particle systems, heat transfer can occur between the gas and the solid or between the gas or solid particles and a solid surface. Knowledge of this bed-to-surface heat transfer coefficient is essential for optimal design of the storage systems from which thermal energy is removed. Because of its engineering importance, the heat transfer coefficient has been measured by many researchers for different geometries and operating conditions in fixed and fluidized beds [4] [5] [6] . Kunii and Suzuki [7] measured the radial effective thermal conductivities and wall heat transfer coefficient in annular packed beds for glass spheres and steel balls within air as well as glass spheres with water. Ozkaynak and Chen [8] investigated experimentally the mechanism of heat transfer from a centrally located vertical tube, submerged in air fluidized beds of glass spheres. Karamavruc and Clark [9] studied a stainless steel heat transfer tube placed into a cold bubbling fluidized bed where temperature data at points on the tube circumference were captured by miniature thermocouples. They used the instantaneously measured boundary temperatures to evaluate one-dimensional and two-dimensional heat transfer coefficients.
Also Khan and Turton [10] obtained instantaneous and time averaged local heat transfer coefficients for an immersed heat transfer tube but in a high temperature fluidized bed. Botterill and Desai [11] studied the effect of the particle packing density and the replacement rates on the heat transfer rates for systems operated at higher static pressures by operating a freely fluidized and a flowing packed bed under a range of static pressures. They compared the rates of heat transfer attainable in similar freely fluidized and flowing packed beds. Their results showed that it is possible to achieve higher rates of heat transfer to beds of large particles than small when working at higher static pressures.
Fluidized beds are widely used in heat recovery processes because of their ability to achieve intense heat transfer and provide a uniform temperature within the bed. A number of experimental investigations have been reported on the measurement of the heat transfer rate between a bundle of horizontal tubes and fluidized beds [12, 13] . Also several parametric studies can be found in literature. For example, Doherty et al. [14] measured the heat transfer coefficient for different tube and average particle diameters as a function of the fluidizing air velocity at ambient temperature and pressure. They found that the heat transfer coefficient first decreases as the diameter of the tube immersed is increased but increases as this diameter is further increased.
Grewal et al. [15] conducted experiments to study the effect of size, shape and density of particles, tube size and material, specific heat, bed depth and heat flux on the heat transfer coefficient and proposed their own correlation for the heat transfer coefficient on the basis of their experimental data. Wang et al. [16] also studied the effects of different parameters such as particle size, packet density, thermal conductivity and specific heat on heat transfer but in a high-temperature fluidized bed. And Gungor [17] studied the effects of operational parameters on bed-to-wall heat transfer in circulating fluidized beds (CFBs). They concluded that the smaller particles result in higher heat transfer coefficients than larger particles for the same solids volume fraction values. However, none of these studies used a granular material with a PCM 4 inside the bed.
The difficulty in establishing a reliable value for the heat transfer coefficient stems from the fact that it depends on a large number of systems and operating parameters. Yagi and Kunii [18] stated that the convective heat transfer coefficient between a wall surface and a packed bed h w can be expressed as:
where d p is the mean particle diameter, k g is the thermal conductivity of the gas, h 0 w is the wall film coefficient with a motionless fluid, α w is a parameter that is determined experimentally and Re and P r are the Reynolds and Prandtl numbers, respectively. For a fluidized bed the simple and pioneering model of Mickley and Fairbanks [19] establishes that when a group of particles come in contact with the heat transfer surface, transient conduction occurs during the residence time of the particles until the particles are displaced by the action of the bubbles. Thus, the average heat transfer coefficient, h w , in a fluidized bed is typically computed as follows:
where δ w is the fraction of bubbles in the bed and h g is the heat transfer coefficient of the gas in the bubble phase, which is orders of magnitude lower than the heat transfer coefficient of the particles, h s . According to Mickley and Fairbanks [19] , h s can be calculated as:
where k is the thermal conductivity of the bed, ρ is the density of the solids, c p is the specific heat of the solids and t s the time the solids are in contact with the surface. Equation (3) shows that the rate of heat transfer to a wall surface is proportional to the square root of the specific heat, c p , of the particulate material. Therefore, the use of granules with a core composed of PCM is expected to enhance the convection coefficient because of their large equivalent specific heat during the phase change of the material, which is defined as follows:
wherec ppcm (T ) is the specific heat of the granular PCM, T 0 is the initial temperature of the phase change and T 0 + ∆T is the end temperature.
Rady [20] used a granular PCM (Rubitherm GR42) with a particle size in the range of 1-3 mm in a fixed bed for thermal energy storage, and Regin et al.
[21] reviewed the development and advantages of the heat transfer characteristics of a thermal energy storage system using PCM capsules. The use of this material in external building walls was also studied by Izquierdo-Barrientos et al. [22] concluding that the PCM helps to diminish the maximum and am- 
Materials and experimental apparatus
The materials used in this study are sand and a granular phase change composite. The granular PCM consists of paraffin, which is the material that changes its phase, bounded within a secondary supporting structure of SiO 2 , which ensures that the paraffin does not leak from the granulate when in its liquid form. This material is commercialized by Rubitherm and is similar to that used by Rady [20] and Izquierdo-Barrientos et al. [3] in their studies. This PCM is available in two sizes involving particle diameters of 1-3 mm and 0.2-0.6 mm. The finer grade is used in the fluidized bed because the particle size is appropriate for obtaining a bubbling fluidization of Geldart B particles [25] , whereas the coarser grade is employed in the fixed bed conditions to achieve high gas velocities without exceeding the minimum fluidization velocity. Table 1 presents several properties of the sand and PCM, such as the density ρ, thermal conductivity k, mean diameter of the particles d p obtained by sieve analysis with its standard deviation σ dp and the approximate mass m used for each experiment.
[ Table 1 about here.] Figure 1 shows the specific heat evolution with temperature for the PCM and the sand, which were measured by differential scanning calorimetry (DSC) with a slow heating rate of 0.5
• C/min [20, 26] , which ensures thermal equilibrium in the sample during the DSC measurements. This procedure is repeated two more times, rotating the heat transfer probe 120
• , to obtain a total of 9 temperature measurements for the resistance surface. Thus, any possible variations of the local heat transfer coefficient with the tangential angle [28] are taken into account. Therefore, the temperature T w is the mean value of these 9 measurements. This process is repeated at different superficial velocities.
For the fluidized bed experiments, the bed is filled with particles up to a static height H = 0.2 m, and the heat transfer probe is placed 12.5 cm above the distributor (see Figure 4(a) ). Unlike fluidized beds, the temperature distribution around the resistance in a fixed bed is not uniform, and natural convection may affect the value of the heat transfer coefficient. Thus, for the fixed bed, the same experiments described are performed for two different positions of the heat transfer probe: one at the bottom of the bed at a height of 2.5 cm above the distributor (see Figure 4 (b)) and the other close to the freeboard of the bed at 22.5 cm above the distributor (see Figure 4 (c)).
For the fixed bed the static height is H = 0.3 m, higher than the height set for the fluidized bed, to avoid the influence of the distributor when the probe is at the top and the influence of the freeboard when the probe is at the bottom.
[ Figure 4 about here.]
The heat transfer coefficient is calculated following the expression
where a w is the submerged area of the probe and q is the heat rate transferred by the probe. The heat rate supplied to the probe is varied during the experiments to obtain a temperature difference of T w − T ∞ ≈ 20
• C, where
• C. Thus, the entire temperature range of the phase change exhibited in Figure 1 is covered.
Experimental results and discussion

Fixed Bed
The average heat transfer coefficients obtained from the experiments (isolated points) and their linear regression by least squares (continuous line) for the sand and the PCM are plotted in Figure 5 . The uncertainty of the heat transfer coefficient measurements varies between 9-18%. When the flow rate is increased, the value of the heat transfer coefficient increases linearly for both materials. This tendency was previously observed by Yagi and Kunii [29] and Kunii and Suzuki [7] . Furthermore, when the particles are surrounded by motionless fluid, the thermal conductivity of a layer of solids adjacent to the surface aids in the transport of heat. The heat transfer coefficient for the fixed bed with stagnant gas is increased by the gas flow through the bed.
The flow rates selected must be lower than the minimum fluidization velocity of each material, U mf . For this reason, the maximum flow rate selected for the sand isV = 600 l/min because its minimum fluidization velocity is approximately U mf = 0.4 m/s, which corresponds to a flow rate ofV = 750 l/min. The minimum fluidization velocity for the coarser PCM is unknown because it cannot be achieved with the maximum flow rate our facility can supply (V = 1100 l/min). [ Figure 5 about here.]
Fluidized bed
The sand and the finer PCM correspond to group B according to Geldart's classification [25] , which indicates that these materials fluidize easily with vigorous bubbling action and that the bubbles grow large [30] . The measured heat transfer coefficients for the sand and the PCM in the fluidized bed are presented in Figure 6 as a function of the flow rate.
The corresponding excess air ratio, U/U mf , at a given superficial velocity is also indicated in the abscissa. As concluded for the fixed bed case, the heat transfer coefficient increases when the flow rate increases [27, 30, 31] . It is also observed that at the same excess air velocity over minimum fluidization conditions, U/U mf , better coefficients are obtained for the sand; however, sand requires a higher air flow and therefore has a higher energy cost. In fact, for the same heat transfer coefficient, i.e., h w ≈ 550 W/(m 2 ·K), the flow rate required for the sand is ∼ 825 l/min, whereas that for the PCM is only 425 l/min. This higher heat transfer coefficient for the PCM in comparison to the sand is due to the phase transition enabled by the continuous renewal of the PCM from the heated surface. This enhancement was not observed for the packed bed of the PCM because the particles at the surface were not regenerated.
[ of the value measured in the fluidized bed of sand at this flow rate, which is 600 W/(m 2 ·K) (Figure 6(a) ). When comparing the fixed and fluidized bed of sand it should be taken into account that the sand used in the fluidized bed experiments has a mean particle size which is around 15% smaller than the sand used in the fixed bed. However, although the particle size affects the heat transfer coefficient, according to experiments reported by Masoumifard et al.
[27] if the particle size in the fluidized bed is doubled, the heat transfer coefficient would only decrease 10%.
Measurements in a heating and cooling cycle
The variations of the heat transfer coefficient in the fluidized bed during the entire phase change process are not adequately represented in the previous results because the data were obtained at a constant bed temperature.
To properly interpret the variations observed in h w with the bed temperature, the heat transfer coefficient is measured during the heating of the bed from ambient temperature to a maximum temperature over T pc and during the corresponding cooling period.
Although the heat transfer coefficient is measured under transient conditions, the characteristic time t s of replacement of the particles that are touching the surface is on the order of ∼ 1 s [30] , whereas the data for the heat transfer coefficient are averaged over one minute. During this time, the bed temperature does not vary appreciably; thus, the measurements are obtained under quasi-steady-state conditions. [ Figure 7 about here.]
According to the model of Mickley and Fairbanks [19] , the heat transfer coefficient in a fluidized bed is proportional to the square root of the specific heat (see Equation (3)). If we compare the ratio between the heat transfer coefficients when the bed particle temperature is under the phase-change temperature of the PCM and when it is over, taking into account Equations (2)- (4) and assuming that h s h g , we obtain the following equation
where c ppcm is the equivalent specific heat of the PCM defined in Equation (4) and calculated for the temperature range when the phase change takes place using the curve obtained by the DSC measurements (Figure 1 ).
The result is in accordance with the values for the heat transfer coefficient observed in Figure 7 .
Conclusions
In this work, the heat transfer coefficient h w has been measured for a PCM and sand in a fixed and fluidized bed with a heat transfer probe horizontally σ dp standard deviation of the mean particle diameter 
